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Abstract 

Because  of  the  high  process  temperature  and  the  high  temperature  to  which  the  combustion  air  is  pre¬ 
heated,  NO*  emissions  from  glass  melting  furnaces  are  extremely  high.  Even  at  these  high  temperatures, 
NO*  emissions  could  be  reduced  drastically  by  using  advanced  combustion  techniques  such  as  staged 
combustion  or  flameless  oxidation,  as  experimental  work  has  shown.  In  the  case  of  oxy-fuel  combustion, 
the  NO*  emissions  are  also  very  high  if  conventional  burners  are  used.  Staged  combustion  achieves  similar 
NO*  reductions.  ©  2001  Elsevier  Science  Ltd.  All  rights  reserved. 

Keywords:  High  temperature  processes;  Combustion  air  preheating;  Oxy-fuel  technology;  NO*  reduction  techniques 


1.  Introduction 

Improvement  of  efficiency  of  combustion  equipment  is  one  of  the  key  issues  in  order  to  reduce 
fuel  consumption  and  COi  emission.  Advanced  systems  for  waste  heat  recovery,  enforcement  of 
heat  insulation  and  combustion  improvement  have  been  developed.  However,  the  increase  in 
temperature  of  the  combustion  air  raises  the  flame  temperature  and  NO*  emissions  rise  sharply  if 
conventional  burners  are  used.  At  glass  melting  furnaces  with  process  temperatures  of  up  to 
1600°C  and  more  and  air  preheating  temperatures  of  up  to  1350°C  the  thermal  NO  formation 
increases  drastically.  Depending  on  the  combustion  technique  used,  NO*  emissions  may  therefore 
be  extremely  high.  Potassium  or  sodium  nitrate  for  refining  particular  grades  of  glass  add  to  NO* 
formation. 

However,  NO*  emissions  have  been  limited  in  many  countries  because  of  their  adverse  impact 
on  the  environment.  In  Germany,  maximum  NO*  output  levels  for  glass  furnaces  were  first  laid 
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down  in  the  1986  Clean  Air  Code  which  also  contains  a  clause  according  to  which  further  re¬ 
ductions  are  required  in  accordance  with  progress  made  in  the  state  of  the  art. 


2.  Maximum  NO*  emission  levels  in  Germany 

The  Clean  Air  Code  published  in  Germany  in  1986  provides  for  maximum  emissions  for  all 
pollutants.  For  many  applications,  though,  the  Code  specifies  minimum  requirements  as  well  as 
further  reductions  in  accordance  with  the  state  of  the  art,  because  a  substantial  number  of  re¬ 
search  and  development  projects  were  underway  at  the  time  when  the  Clean  Air  Code  was 
published. 

According  to  the  Code,  NO*  output  from  gas-fired  side-port  furnaces  featuring  regenerative 
combustion  air  preheating  must  not  exceed  3500  mg/m3.  In  the  case  of  furnaces  equipped  with 
recuperators,  NO*  emissions  are  limited  to  1400  mg/m3.  The  reference  flue  gas  oxygen  concen¬ 
tration  is  in  both  cases  8%  (by  volume). 

However,  retrofits  are  required  according  to  the  Clean  Air  Code  to  reflect  technical  progress  in 
pollutant  emission  control.  To  make  sure  that  this  clause  is  interpreted  in  the  same  manner  in  all 
German  states,  an  interstate  pollution  control  committee  agreed  in  1991  on  recommendations  for 
the  interpretation  of  this  clause  in  the  Clean  Air  Code.  For  glass  furnaces,  these  recommendations 
quote  a  maximum  NO*  emission  level  of  500  mg/m3.  They  make  reference  to  process  modifica¬ 
tions,  low-NO*  burners  and  selective  catalytic  reduction  to  achieve  these  low  levels  [1]. 

As  for  the  use  of  oxygen  as  an  oxidant,  the  Clean  Air  Code  does  not  publish  any  maximum 
NO*  levels.  Although  oxygen  enrichment  may  increase  the  flue  gas  NO*  concentration  sharply, 
theoretically,  the  process  and  any  flue  gas  treatment  plant  must,  according  to  the  Code,  be  de¬ 
signed  to  comply  with  the  requirements  for  combustion  air.  However,  special  arrangements  may 
be  allowed  under  licenses  [2], 


3.  State  of  the  art 

Table  1  summarizes  the  NO*  emissions  from  glass  furnaces  as  measured  by  Hiitten tech n i  sch e 
Vereinigung  der  Deutschen  Glasindustrie  (HVG)  [3],  The  table  lists  for  the  different  furnace  de¬ 
signs  NO*  concentrations  typical  of  about  80%  of  the  furnaces  and  the  peak  concentrations 
measured. 

Substantially  lower  NO*  emissions  can  be  achieved  by  novel  combustion  systems  such  as 
cascaded  combustion  [4]  or  through-port  combustion  [5],  Reburning  (e.g.  3R  method)  [6]  also 
reduces  NO*  emissions.  NO*  formation  can  further  be  curbed  by  the  LoNO*-Melter  a  new  glass 
melting  furnace  with  its  completely  new  approach  to  glass  melting.  Cullet  preheating  and  a  re¬ 
duction  in  the  temperature  to  which  the  combustion  air  is  preheated  cut  the  NO*  concentration  to 
below  500  mg/m3  [7], 

The  alternative  to  curbing  NO*  formation  is,  of  course,  post-formation  clean  up,  for  example, 
by  selective  catalytic  or  non-catalytic  reduction  [3],  However,  the  removal  of  NO*  from  the  flue 
gas  is  sometimes  difficult  because  of  the  flue  gas  constituents.  Further,  it  is,  of  course,  more  costly 


M.  Flamme  i  Energy  Conversion  and  Management  42  (2001)  1919-1935 


1921 


Table  1 


Overview  of  NO,  emissions  from  glass  furnaces  [3] 


Type  of  glass  furnace 

Oil-fired  (g/m3) 

Gas-fired  (g/m3) 

Recuperative 

Typical  range 

0.4/1. 4 

0.4/1. 6 

Maximum 

2.6 

End-port  furnace 

Typical  range 

1. 0/2.4 

1.4/3. 0 

Maximum  range 

4.6 

Side-port  furnace 

Typical  range 

1.6/3. 6 

1. 6/4.0 

Maximum 

5.6 

Maximum  incl.  nitrate  refining 

7.0 

Pot  furnace 

Maximum  incl.  nitrate  refining 

4.0 

both  in  terms  of  capital  outlay  and  in  terms  of  operating  expenses  to  reduce  NO,  emissions  by 
removing  the  undesirable  pollutants  after  they  have  formed. 

Progress  in  the  field  of  controlling  NO,  formation  has  been  remarkable  in  recent  years.  Recent 
research  shows  that  NO,  output  can  be  cut  substantially  even  at  a  temperature  of  as  much  as 
1600°C  typical  of  glass  industry  applications. 


4.  Recent  research 

Gaswarme-Institut  (GWI)  has  initiated  different  research  programmes  to  explore  methods  of 
curbing  NO,  emissions  from  high-temperature  processes  [8-10]  using  preheated  combustion  air  or 
pure  oxygen  for  oxidation. 

4.1.  NOx  control  in  processes  using  preheated  combustion  air 

Basic  research  undertaken  to  reduce  NO,  emissions  in  processes  in  which  the  combustion  air  is 
preheated  to  1000°C  and  the  furnace  chamber  temperature  is  1200°C  shows  that  new  technologies 
such  as  staged  combustion,  flue  gas  recirculation  and  flameless  oxidation  (FLOX™)  can  curb  the 
formation  of  NO,  substantially  [9,11].  These  technologies  have  in  all  cases  been  developed  to 
reduce  temperature  peaks  in  oxygen-rich  parts  of  the  flame. 

In  the  case  of  staged  combustion,  the  combustion  air  is  mixed  with  the  fuel  at  different  points. 
As  heat  is  released  more  uniformly  throughout  the  combustion  chamber,  NO,  formation  is 
lowered  notably.  Fig.  1  shows  a  two-stage  burner.  As  the  secondary  air  is  injected  directly  into  the 
furnace  chamber,  flue  gas  is  recirculated,  increasing  the  NO,  reduction  effect. 

Flameless  oxidation  is  another  NOx  control  technique.  For  flameless  oxidation,  the  fuel  and  the 
air  are  both  injected  directly  into  the  furnace  chamber.  They  react  downstream  from  the  point 
of  injection.  That  leads  to  very  low  flame  temperatures  and  low  oxygen  partial  pressures  in  the 


reaction  zone  and  as  a  result  of  this  to  a  low  thermal  NO  formation.  A  flameless  oxidation  burner 
is  shown  in  Fig.  2.  Unlike  staged  combustion,  flameless  oxidation  features  no  primary  air.  The 
energy  required  for  ignition  is  provided  by  the  recirculating  flue  gas.  For  this  reason,  the  furnace 
chamber  temperature  must  be  at  least  800-900°C  for  flameless  oxidation. 

Fig.  3  compares  NO*  emissions  from  a  conventional  burner,  a  staged  combustion  burner  and  a 
FLOX™  burner  at  different  combustion  air  temperatures.  For  the  tests,  the  furnace  chamber 
temperature  averaged  1200°C.  As  the  graph  demonstrates,  staged  combustion  and  flameless 
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tests  Nos.:  510  /  560  /  565  /  567  /  604 


burners:  09/21  /  23 

qgas  =  20/30  m3(n)/hr  (group  H  natural  gas) 


Fig.  3.  NO*  concentration  expressed  as  N02  (dry,  8%  02)  as  a  function  of  combustion  air  temperature  /a;r. 

oxidation  reduce  NOx  output  remarkably.  For  a  combustion  air  temperature  of  1000°C,  for 
instance,  the  maximum  NOx  concentration  is  240  mg/m3  for  staged  combustion  and  well  below 
180  mg/m3  for  flameless  oxidation. 

To  obtain  data  on  the  peak  reaction  zone  temperatures,  temperatures  and  pollutant  concen¬ 
trations  were  measured  (see  Fig.  4)  in  the  furnace  chamber  and,  above  all,  in  the  vicinity  of  the 
burner  [12],  In  the  case  of  flameless  oxidation,  the  peak  temperature  in  the  reaction  zone  is  merely 
about  100  K  above  the  average  furnace  chamber  temperature.  Flue  gas  entering  the  reaction  zone 
thus  lowers  temperature  peaks  considerably. 

Optimization  of  the  FLOX™  system  reduced  NO*  emissions  further.  In  the  case  of  a  regen¬ 
erative  flameless  oxidation  burner,  it  was  even  feasible  to  achieve  an  NO*  concentration  of  about 
80  mg/m3  in  spite  of  a  combustion  air  temperature  of  1030°C  and  a  furnace  chamber  temperature 
of  1200°C.  As  these  data  show,  it  is  feasible  to  keep  NO*  output  very  low  by  optimizing  the 
combustion  system. 

The  tests  with  process  temperatures  of  up  to  1200°C  have  been  carried  out  at  GWI  test  furnace 
1.  Fig.  5  shows  the  scheme  of  the  furnace  which  is  provided  with  an  indirect  cooling  and  heating 
system  (radiant  tubes)  so  that  the  furnace  chamber  temperature  can  be  kept  constant  during  the 
tests. 
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(a) 


qgas=  30  m3(n)/hr  (group  natural  gas)  Tair  =  9150C  X=  1,05  burner:  09  test  No.:  626 

(b) 


q  =  30  m3(n)/hr  (group  natural  gas)  Tair  =  920  °C  X=  1,05  burner:  23  test  No.:  627 

Fig.  4.  Temperature  distribution  at  GWI  combustion  chamber  for  different  burners  with  air  preheating  of  920°C:  (a) 
standard  burner,  (b)  burner  with  air  staging,  (c)  burner  with  flameless  oxidation. 


Apart  from  the  actual  combustion  data,  such  as  the  combustion  air  temperature,  the  fuel/air 
ratio  and  the  burner  turn-down  ratio,  the  furnace  chamber  temperature  also  has  an  influence  on 
the  total  NO*  emissions.  As  the  furnace  chamber  temperature  rises,  the  temperature  in  the  re¬ 
action  zone  increases.  Fig.  6  plots  NO*  concentration  as  a  function  of  average  furnace  chamber 
temperature  for  a  flameless  oxidation  burner  [13].  For  the  tests,  the  laboratory  furnace  depicted  in 
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(c) 


1400 

1350 


qgas=  25  m3(n)/hr  (group  natural  gas)  Tair  =  920°C  X=  1,1  burner:  25.1  test  No.:  793 


Fig.  4  ( continued ) 

furnace  cross  section 


heating  tubes 


longitudinal  section 


Fig.  5.  Schematic  of  GWI  laboratory  furnace  1  (maximum  300  kW)  for  furnace  chamber  temperatures  up  to  1200°C. 
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test  No.  796 


Fig.  6.  NOv  concentration  expressed  as  N02  (dry,  8%  02)  as  a  function  of  average  furnace  chamber  temperature  tfurn 
for  a  flameless  oxidation  burner  (burner  25.1). 

Fig.  7  was  used.  The  combustion  air  temperature  was  920°C.  Under  these  conditions,  the  NOx 
concentration  rose  from  about  65  mg/m3  at  a  furnace  chamber  temperature  of  1200°C  to  about 
410  mg/m3  at  1600°C.  NOx  concentrations  quoted  for  the  tests  are  referred  to  dry  flue  gas  with  an 
oxygen  concentration  of  8%  (by  volume).  As  these  data  demonstrate,  the  NOx  reduction  potential 
is  substantial  even  for  high-temperature  processes. 

4.2.  NOx  emissions  of  different  burners  for  recuperative  glass  melting  furnaces  (unit  melter) 

To  explore  methods  of  controlling  NOx  output  from  glass  furnaces  of  the  unit  melter  type 
featuring  recuperative  combustion  air  preheating  without  retrofitting  flue  gas  treatment  plants, 
GWI  and  Thyssengas  GmbH  decided  to  carry  out  a  number  of  tests  [14]. 

Various  gas  burners  designed  for  heat  inputs  of  520  kW  were  tested.  An  electric  air  heater  was 
installed  to  preheat  the  combustion  air.  In  the  tests,  the  combustion  air  temperature  was  690°C. 
The  resulting  furnace  surface  loading  was  167  kW/m2  which  is  typical  of  glass  tanks.  The  furnace 
chamber  loading  was  140  kW/m3. 
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furnace  cross-section 


flue 


Fig.  7.  Schematic  of  GWI  laboratory  furnace  2  (maximum  1.5  MW)  for  furnace  chamber  temperatures  up  to  1600°C. 


4.2.1.  Standard  burner 

To  examine  the  influence  of  the  mean  furnace  wall  temperature  on  NO*  emissions,  a  burner 
(burner  A)  normally  used  in  recuperative  glass  furnaces  was  tested.  Fig.  8  is  a  schematic  of  the 
burner.  The  air  ratio  for  the  tests  was  1.05. 

NO*  measurements  confirmed  an  over  proportionate  rise  in  NO*  concentration  as  the  furnace 
wall  temperature  increased.  The  NO*  level  peaked  at  2.250  mg/m3  1  at  a  temperature  of  1600°C 
(see  Fig.  9).  Glass  furnace  field  measurements  for  burners  of  this  type  showed  NO*  concentrations 
between  1200  and  1500  mg/m3.  One  reason  why  the  test  furnace  NO*  concentrations  were  higher 
is  the  compact  design  which  prevents  adequate  flue  gas  recirculation  in  the  furnace  chamber. 
Secondly,  the  high  NO*  level  was  due  to  the  absence  of  the  molten  glass  which  would  be  at  a  lower 
temperature  than  the  furnace  floor.  As  the  flame  in  the  test  furnace  is  completely  surrounded  by 
hot  furnace  walls,  the  flame  temperature  is  higher  than  in  a  normal  glass  furnace. 

To  collect  information  on  the  flame  length  and  temperature  distribution  in  the  furnace 
chamber,  suction  pyrometer  measurements  were  carried  out  in  the  burner  level.  The  distribution 
of  the  carbon  monoxide  concentrations  in  the  furnace  chamber  is  shown  in  Fig.  10.  If  burnout  is 


All  concentrations  given  as  NCF  (8%  Oi.  dry). 
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fuel  gas  c|> 


Fig.  8.  Burner  A. 


equated  with  a  CO  concentration  of  2000  ppmv,  the  length  of  the  flame  from  burner  A  is  ap¬ 
proximately  1.3  m. 

The  burner  A  test  data  served  as  a  reference  line  for  evaluating  the  performance  of  the  modified 
burners. 


4.2.2.  Staged-combustion  burner 

Basic  research  shows  that  combustion  air  staging  can  reduce  NO*  emissions  further.  It  is  crucial 
though  ,  for  heat  to  be  removed  from  between  the  primary  and  the  secondary  combustion  areas. 
This  dissipation  can  be  achieved  by  moving  the  burnout  zone  into  the  furnace  chamber.  Aspi¬ 
ration  of  flue  gas  from  the  furnace  chamber  into  the  secondary  air  lowers  NO*  emissions  by 
another  percentage  [15].  For  staged  combustion  in  accordance  with  the  principles  described,  the 
burner  brick  was  modified  as  shown  in  Fig.  11  (burner  C).  This  burner  brick  geometry  splits 
combustion  air  flow  into  equal  primary  and  secondary  air  flows. 

The  effect  of  the  modification  on  NO*  emission  is  depicted  in  Fig.  9.  While  mean  furnace  wall 
temperature  was  1600°C,  NO*  output  was  only  about  750  mg/m3  equivalent  to  a  reduction  of  1500 
mg/m3  (67%)  by  comparison  with  burner  A  (the  standard  burner).  Considering  that  the  rate  of 
NO*  formation  in  the  test  furnace  is  higher  than  in  a  real  glass  furnace,  it  appears  feasible  to 
achieve  the  State  Pollution  Control  Committee  objective  of  500  mg/m3  using  this  burner.  This 
optimistic  prediction  requires  confirmation  by  testing  the  new  burner  system  in  a  glass  tank, 
though. 

As  Fig.  12  shows,  the  flame  length  of  burner  C  is  about  2.6  m,  while  the  diameter  of  the 
combustion  area  is  approximately  0.6  m.  The  comparison  of  the  flame  length  produced  by  burners 
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burner  A  and  C 

heat  input  =  520  kW  group  H  natural  gas 


Fig.  9.  NO*  emission  from  burner  A  and  C  as  a  function  of  mean  furnace  wall  temperature  Tw. 


A  and  C  demonstrates  that  the  combustion  zone  of  a  staged-combustion  system  can  be  relatively 
narrow  if  the  secondary  air  nozzle  arrangement  is  optimized. 

4.3.  NOx  control  in  processes  using  pure  oxygen 

If  pure  oxygen  is  used  for  combustion,  the  oxidant  carries  practically  no  nitrogen  which  could 
form  NO*.  The  nitrogen  that  is  converted  is  a  constituent  of  the  fuel.  The  nitrogen  content  of 
natural  gas  varies  substantially,  though,  and  may  range  between  a  few  percent  and  as  much  as 
14%  (Dutch  natural  gas).  Such  a  high  nitrogen  content  would  cause  substantial  NO*  emission,  if 
the  fuel  were  burnt  in  a  conventional  natural  gas/oxygen  burner.  Further,  nitrogen  may  enter  the 
combustion  zone  if  a  furnace  is  not  tight,  increasing  the  NO*  formation  rate.  In  tests  carried  out  to 
investigate  the  correlation  between  the  fuel  gas  nitrogen  concentration  and  NO*  emissions,  the 
pressure  in  the  furnace  chamber  was  therefore  kept  above  atmospheric  pressure. 

To  analyze  the  effect  of  the  nitrogen  content  of  the  flue  gas  on  NO*  output,  different  CH4/N2 
mixtures  were  burnt  [16].  As  Fig.  13  shows,  the  flue  gas  NO*  concentration  rises  sharply,  as  the 
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burner  A 

heat  input  =  520  kW 

group  H  natural  gas 

fuel  gas 


air 

o 


Fig.  11.  Burner  C. 


nitrogen  concentration  of  the  fuel  gas  increases.  In  the  test  the  fuel  was  combusted  by  a  parallel-jet 
nozzle  mixing  burner  at  two  different  oxidant  ratios. 
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burner  C 

heat  input  =  520  kW 

group  H  natural  gas 

Fig.  12.  Burner  C  CO  concentration  in  the  burner  level  in  the  furnace  chamber. 


In  further  tests,  NO*  reduction  by  staged  combustion  and  flue  gas  recirculation  was  examined 
[10].  For  the  staged  combustion  work,  the  pilot  burner  depicted  in  Fig.  14  was  built.  Axial  dis¬ 
placement  of  the  fuel  gas  lance  varies  the  primary  oxygen  share.  The  lance  position  I  is  thus  a 
measure  of  the  primary  oxygen  share  in  the  total  oxygen.  If  I  =  0,  no  primary  oxygen  is  injected. 
As  the  lance  is  withdrawn  from  the  burner  mouth,  the  primary  oxygen  share  increases. 

Fig.  15  correlates  the  lance  position  I  and  the  NO*  concentration  measured.  The  NO*  content 
of  the  flue  gas  decreases  from  about  960  mg/m3  for  1=10  mm  to  100  mg/m3  for  1  =  0.  In  the  tests, 
the  average  furnace  chamber  temperature  was  1200°C.  The  furnace  chamber  was  lined  by  a  ce¬ 
ramic  fiber  material  (see  Fig.  5). 

To  examine  the  effect  of  the  furnace  chamber  temperature  on  NO*  output  from  this  burner,  a 
further  series  of  tests  without  primary  oxygen  injection  was  carried  out,  using  the  laboratory 
furnace  shown  in  Fig.  7.  As  Fig.  16  shows,  NO*  output  rose  slowly  as  the  furnace  chamber 
temperature  was  increased,  going  up  from  about  40  mg/m3  to  approximately  340  mg/m3.  The 
relatively  low  NO*  concentration  at  an  average  furnace  chamber  temperature  of  1200°C  (when 
compared  with  Fig.  15)  is  attributable  to  the  low  furnace  wall  temperature.  The  furnace  chamber 
depicted  in  Fig.  7  is  lined  by  refractory  concrete.  For  this  reason,  the  wall  temperature  rises  more 
slowly  than  in  the  case  of  a  furnace  lined  by  ceramic  fiber  material  during  the  heating  up  period.  If 
the  furnace  chamber  temperatures  reaches  1600°C  there  is  no  big  difference  between  furnace  wall 
temperature  and  furnace  chamber  (gas)  temperatures.  The  work  showed  that  staged  combustion 
can  substantially  lower  NO*  emission  when  oxygen  is  used  as  an  oxidant. 
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tests  Nos.:  707A/707B 

burner:  27  (100  %02) 

qgas=  15m3(n)/hr  (CH4/N2) 


Fig.  13.  NO.v  concentration  (dry,  8%  02)  as  a  function  of  N2  content  of  fuel  gas. 


Fig.  14.  GWI  pilot  burner  to  test  staged  oxygen  combustion  (burner  34.4). 
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test  No.:  798 


burner:  34.3  (100  %02) 

qgas  =  20  m3  (n)/hr  (group  H  natural  gas) 


Fig.  15.  NO*  concentration  expressed  as  N02  (dry,  8%  02)  as  a  function  of  lance  position  I. 


Apart  from  the  fact  that  these  new  combustion  techniques  could  solve  the  NO*  problem  for 
glass  melting  furnaces  with  recuperative  air  preheating  these  advanced  combustion  systems  offer 
new  approaches  for  a  lot  of  other  combustion  equipment.  With  the  new  burner  generation  it  is 
possible  to  increase  the  air  preheating  temperature  without  an  increase  in  NO*  formation.  The 
uniformity  in  temperature  distribution  allows  to  raise  the  mean  furnace  chamber  temperature 
without  a  risk  of  overheating  in  the  near  burner  region.  This  leads  to  an  improvement  of  heat 
transfer  and  high  energy  savings  [17]. 


5.  Prospects 

Work  by  GWI  showed  that  NO*  emissions  can  be  reduced  drastically  at  least  under  laboratory 
conditions.  Further  studies  investigating  heat  transfer  at  a  temperature  of  1600°C  will  have  to 
show  whether  these  advances  low  NO*  combustion  techniques  could  be  used  for  glass  melting 
furnaces  with  recuperative  air  preheating.  These  studies  will  be  followed  up  by  actual  field  test. 
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test  No.:  799 


burner:  34.3  (100  %  Oz) 

qgas  =  30  m3(n)/hr  (group  H  natural  gas) 


average  furnace  chamber  temperature  tfUm  °C 

Fig.  16.  NOv  concentration  expressed  as  N02  (dry,  8%  02)  as  a  function  of  average  furnace  chamber. 
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